1. Rates of ketogenesis from endogenous butyrate or oleate were measured in isolated hepatocytes prepared from fed rats during different reproductive states [virgin, pregnant, early-lactating (2-4 days) and peak-lactating (10-17 days)]. In the peak-lactation group there was a decrease (25 %) in the rate of ketogenesis from butyrate, but there were no differences in the rates between the other groups. With oleate, the rate of ketogenesis was increased in the pregnant and in the early-lactation groups compared with the virgin group, whereas the rate was 50 % lower in the peak-lactation group. 2. Experiments with [1-14C]oleate indicated that these differences in rates of ketogenesis were not due to alterations in the rate of oleate utilization, but to changes in the amount of oleoyl-CoA converted into ketone bodies. 3. Although the addition of carnitine increased the rates of ketogenesis from oleate in all groups of rats, it did not abolish the differences between the groups. 4. Measurements of the accumulation of glucose and lactate showed that hepatocytes from rats at peak lactation had a higher rate of glycolytic flux than did hepatocytes from the other groups. After starvation, the rate of ketogenesis from oleate was still lower in the peak-lactation group compared with the control group. This suggests that the alteration in ketogenic capacity in the former group is not merely due to a higher glycolytic flux. 5. It is concluded that livers from rats at peak lactation have a lower capacity to produce ketone bodies from long-chain fatty acids which is due to an alteration in the partitioning of long-chain acyl-CoA esters between the pathways of triacylglycerol synthesis and ,8-oxidation. The physiological relevance ofthis finding is discussed.
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Lactation in the rat is characterized by an increased demand for metabolic substrates to provide the constituents of milk (e.g. lactose, lipid and protein) and this necessitates a number of metabolic adaptations in various tissues, such as mammary gland, adipose tissue, intestine and liver. For example, reciprocal changes in the activity of lipoprotein lipase in adipose tissue and in mammary gland result in the directing of available triacylglycerols to the gland (Otway & Robinson, 1968; Hamosh et al., 1970) . Similarly, alterations in the hepatic activities of key enzymes suggest that glycolysis and lipogenesis are increased during peak lactation (Smith, 1973 (Smith, , 1975 .
The concentrations of ketone bodies in the blood are lower in starved lactating rats compared with starved virgin rats. By contrast, the concentration of plasma unesterified fatty acids, the major ketogenic substrate, is slightly higher (Hawkins & Williamson, 1972) ; One explanation for this finding is that the ketogenic capacity of the liver is decreased during lactation. To (Mayes & Felts, 1967; Ontko, 1972; McGarry & Foster, 1972; Williamson, 1973) or later, at the stage of partitioning of acetylCoA between citrate synthesis and ketone-body formation (Wieland, 1968) . Butyrate cannot be incorporated into triacylglycerol (Fritz, 1961) and is converted into butyryl-CoA in the mitochondrial matrix (Aas & Bremer, 1968) . Comparison of the rates of ketogenesis from butyrate with those from oleate in liver cells from rats in different reproductive states should therefore indicate the degree of control occurring at sites before fl-oxidation.
Materials and Methods Rats
Female rats of the Wistar strain were used. Virgin rats weighed between 180 and 250g and lactating rats between 260 and 320g. The litter size was eight to twelve pups. Non-lactating rats refers to rats whose pups had been removed on the day of parturition and were then studied 14 days later. The rats were fed ad libitum on Oxoid breeding diet for rats and mice (Oxoid Ltd., London S.E.1, U.K.). The starved lactating rats had their food removed for 24h, but were kept with their litters, and suckling was maintained. Virgin and pregnant rats were starved for the same period. Rats were anaesthetized with Nembutal (50mg/kg body wt.; solution in 0.9% NaCl).
Biochemicals
All enzymes and coenzymes were obtained from the Boehringer Corp. (London) Ltd., London W.5, U.K.
Radioactive compounds [1-14C] Oleate was obtained from The Radiochemical Centre, Amersham, Bucks., U.K.
Liver cells
Isolated hepatocytes were prepared essentially by the method of Berry & Friend (1969) as modified by Krebs et al. (1974) . Routine tests indicated that 90 % of the hepatocytes excluded Trypan Blue.
Incubation procedure
The cells were incubated with constant shaking for 20, 40 or 60min in Krebs-Henseleit (1932) saline containing dialysed albumin (fatty acid-poor; final concentration 2.5 %, w/v). The gas phase was O2/CO2 (19:1), and the temperature was 37.5°C. The total incubation volume, containing 65-95mg wet wt. of cells and added substrates (1 mM-oleate, 10mM-butyrate), was 4.0 ml. Incubations were stopped by adding 0.4ml of 20% (w/v) HCl04, the mixture was centrifuged to remove denatured protein and the supernatant was neutralized with KOH. The precipitate of KCl04 was removed by centrifugation.
All incubations with [1-14C]oleate were performed in duplicate. One of each pair was incubated in a 50ml Erlenmeyer flask with a centre well and rubber seal. The incubation was stopped by the injection of 0.4ml of 20% (w/v) HCl04 with a long-needled syringe. Hyamine hydroxide (0.5 ml) was injected into the centre well and metabolic CO2 was collected by shaking the flasks for a further 2h at room temperature. The Hyamine was then removed for measurements of radioactivity and the deproteinized incubation medium was treated as described above.
The reaction in the duplicate flask was stopped by centrifugation for 1 min at 5000g to separate cells from the medium. Chloroform/methanol [2:1 (v/v); 20 vol.] was added to the cell pellet and the lipids were extracted as described by Folch et al. (1957) . The radioactivity in the chloroform phase was used as a measure of the [1-14C]oleate converted into esterified fats. The disappearance of radioactivity which is extracted by chloroform from the incubation medium (minus pellet) was used to calculate the oleate uptake: 0.5 ml of medium plus 1 .5ml of 0.1 Mpotassium phosphate buffer, pH 7.0, was extracted with 6.Oml of chloroform by shaking for 90s. The chloroform and aqueous phases were separated by centrifugation, the upper phase was removed and the organic phase was washed with 1 ml of potassium phosphate buffer, pH7.0. The radioactivity in a sample of the chloroform phase was measured. This method relies on the fact that esterified fats are not released in appreciable amounts to the incubation medium. To test this the chloroform extract of the medium after 60min incubation was analysed by t.l.c. on silica-gel plates. The solvent system used was hexane/diethyl ether/acetic acid (80:15:1, by vol.). Less than 7% of the radioactivity contained in the chloroform extract was present as esterified fats, and over 90 % was present as unesterified fatty acids.
The radioactivity in ketone bodies was determined in both the carbonyl and the carboxyl moieties of acetoacetate. Acetoacetate was decarboxylated with aniline citrate (Krebs & Eggleston, 1945) and the 14C02 was collected in Hyamine hydroxide. The carbonyl carbon was collected in hydrazine/lactate (pH 5.0) after decarboxylation with H2SO4 at 80°C (Mayes & Felts, 1967) . This process consistently gives recoveries of 85-90% with [3-_4C]acetoacetate.
Assuming that acetoacetate and 3-hydroxybutyrate are in isotopic equilibrium, the radioactivity of 3-hydroxybutyrate was calculated from the specific radioactivity of acetoacetate and from the ratio of concentrations of 3-hydroxybutyrate and acetoacetate. Acetoacetate and D-3-hydroxybutyrate were determined enzymically as described by Williamson et al. (1962) . Glycogen was measured as glucosyl units after hydrolysis with amyloglucosidase (EC 3.2.1.3; Keppler & Decker, 1974) .
Measurements ofradioactivity
These were carried out as described by Williamson et al. (1975) .
Calculation ofrates
The time course of ketone-body formation from endogenous butyrate or oleate was linear between 20 and 60min in all the situations studied. In the first 20min of incubation there was a tendency for slightly higher rates of ketogenesis to occur. The rates of ketogenesis presented in the Tables have been calcu The rates of ketogenesis by hepatocytes from fed rats at various stages during the process of reproduction are shown in Table 1 . The endogenous rate of ketogenesis was low in all groups of rats and there were no significant differences between the groups. The addition of butyrate (10mM) resulted in a large increase in the rate of ketogenesis in all the groups, but in the peak-lactating (10-17 days) group the rate was significantly lower (P<0.025; 25% decrease compared with the virgin group). With oleate (1 mM) as substrate, the rates of ketogenesis were lower than with butyrate. In the early-lactating (2-4 days) group there was a 100 % increase in the rate from oleate compared with the virgin group, whereas at peak lactation (10-17 days) the rate from oleate was approx. 50 % lower than in the virgin group (Table 1) . As the metabolism of butyrate does not involve either triacylglycerol formation or the carnitine acyltransferase system (see the introduction), the similar rates of ketogenesis from this substrate in all groups suggest that the greater variation in rates from oleate is due to alterations in regulation before Ioxidation. These changes could be due to an alteration in the rate of oleate uptake into the hepatocytes or to a change in the amount of oleate esterified. Lactating rats whose pups had been removed immediately after parturition (non-lactating group) and which were then studied after a further 14 days did not show the decreased rate of ketogenesis observed in the peak-lactation group. This implies that the alteration in oleate metabolism is associated with a high rate of lactation.
Metabolism of [1-'4C]oleate by hepatocytes from fed rats
The rate of uptake of [1-'4C]oleate decreased with time, presumably as a result of the decreasing concentration of substrate in the medium (Heimberg et al., 1969) . There was no significant difference in the rate of oleate uptake (measured at 20 and 60min) between the groups studied ( The transport of long-chain acyl-CoA esters into the mitochondria for oxidation occurs via the carnitine acyltransferase system (EC 2.3.1.21, carnitine palmitoyltransferase) (Kopec & Fritz, 1973; Brosnan et al., 1973) and carnitine is a substrate for carnitine acyltransferase I. Evidence that carnitine can stimulate the rate of hepatic oxidation of fatty acid was originally provided by Fritz (1955) . Recent work has shown that the addition of carnitine to livers of fed rats perfused with oleate (McGarry et al., 1975a) or to isolated hepatocytes from fed rats (Christiansen et al., 1976) increases the rate of ketogenesis.
The addition of L(-)-carnitine (1 mM) to isolated hepatocytes from fed rats had no effect on rates of ketogenesis from endogenous substrates nor on the rates from butyrate (results not shown). However, carnitine caused a significant (P<0.005) increase in the rate of ketogenesis from oleate by liver cells from all groups of rats ( 
Glycogen metabolism and rates ofketogenesis
There is evidence that links high rates of ketogenesis with a low concentration of hepatic glycogen (for a review of earlier literature, see BlixenkroneM0ller, 1938; Mirsky, 1942) . During the transition from the fed to the starved state there is a temporal relationship between the depletion ofhepatic glycogen in vivo and the increased rates of ketogenesis from added oleate in perfused liver (McGarry et al., 1973) . Similarly, the injection of anti-insulin serum or of glucagon into fed rats rapidly depletes the liver of glycogen and results in increased rates of ketogenesis from oleate in vitro (McGarry et al., 1975b) . It was therefore decided to test whether the hepatic glycogen concentration or the rate of glycogenolysis in vitro was altered by lactation.
There were no significant differences between the various groups of rats in either the concentration of hepatic glycogen in vivo or in the glycogen concentration of isolated hepatocytes before incubation (Table   5 ). In the absence of oleate, there was no difference between the groups in the amount of lactate accumulating in the medium, but there was a significantly (P<0.025) lower amount of glucose formed in the peak lactation (10-17 days) group (Table 5 ). In the presence of oleate, there was a decrease in the amount of lactate found in all groups, presumably owing to the inhibition of glycolysis by unesterified fatty acids, either directly (Weber et al., 1967) or indirectly via increased concentration of citrate (Underwood & Newsholme, 1967) . The decrease was considerably less in the peak lactation group and concomitant with this was a significantly (P < 0.025) lower accumulation of glucose.
By comparing half the lactate formed with the glucose formed it is possible to obtain a measure of the proportion of glucose equivalents from glycogen breakdown which enter the glycolytic pathway as opposed to forming free glucose. This assumes (1) that the rate of oxidation of pyruvate is low in comparison with the glycolytic flux (an assumption which is likely to hold in the presence of oleate because of the decrease in pyruvate dehydrogenase activity) and (2) that glucose carbon which is diverted to glycerol for fatty acid esterification is also low in comparison with glycolytic flux (an assumption which is likely to hold in the absence of oleate). The results presented in Table 5 show that irrespective of the presence or absence of oleate, the peak-lactation group (10-17 days) had the highest apparent glycolytic flux, despite there being no increase in the rate of glycogenolysis (sum of glucose plus half of lactate formed). This finding is in agreement with the changes in activity of key 'opposing' enzymes in the glycolytic-gluco- (Smith, 1975) . It is noteworthy that these changes in enzyme activities did not occur in livers of rats that had been lactating for only 2 days (Smith, 1975) . This agrees with our observations that there is no change in glycolytic flux during this period.
Rates of ketogenesis by hepatocytes from starved rats The fact that the decreased rate of ketogenesis from oleate in the peak-lactation group was accompanied by an increased glycolytic flux suggested that the effects of starvation (i.e. glycogen depletion) on ketone-body synthesis should be examined. As expected, starvation ofvirgin rats resulted in increased rates of ketogenesis from endogenous substrates (approx. 10-fold), butyrate (approx. 2-fold) or oleate (approx. 4-fold) (compare Tables 1 and 6 ). There was no difference in the endogenous rate of ketogenesis between the three groups (virgin, pregnant and peak lactation). With butyrate there was no difference in the rate in the peak-lactation group, but there was about a 20% lower rate (P<0.025) in the pregnant group (Table.6 ). When oleate was the substrate, the virgin and pregnant groups had the same rates, whereas the rate of ketogenesis was 28 % lower (P<0.001; Tables 2 and 7) and there were no significant differences between the various groups (Table 7) .
Comparison of the percentage distribution of [1-_4C]oleate taken up by the hepatocytes from fed and from starved virgin rats (Tables 3 and 8) indicates that starvation results in a switch in the fate of oleate: a lower percentage is converted into esterified fats and a higher percentage into ketone bodies. This finding confirms the original observation of Mayes & Felts (1967) with perfused rat liver and of Ontko (1972) with isolated hepatocytes. The hepatocytes from the starved lactating rats converted a higher percentage of the [1-14C]oleate into esterified fats and a lower percentage into ketone bodies than did virgin rats (Table 8) , confirming the findings with nonradioactive oleate.
Physiological relevance
The fact that at the time of peak lactation in the rat the liver converts a higher proportion of the longchain fatty acids presented to it into esterified fats (Hawkins & Williamson, 1972) . Presumably when the rat is fed on the normal laboratory diet which is high in carbohydrate these must be formed by either synthesis de novo from glucose or esterification of unesterified fatty acids taken up by the liver. There is evidence from experiments in vitro that adipose-tissue lipolysis is faster in the lactating rat (Smith & Walsh, 1976) . If this is also true in vivo, an ample supply of endogenous unesterified fatty acids would be available for esterification by the liver. The reciprocal alterations in the activity of lipoprotein lipase in adipose tissue and in mammary gland during lactation (Otway & Robinson, 1968; Hamosh et al., 1970) can then 'direct' a high proportion of the liver's output of triacylglycerol to the gland. Other reported changes in hepatic metabolism at peak lactation in the rat, namely the increased activities of key enzymes of lipogenesis (Smith, 1973) and the increased glycolytic capacity (Smith, 1975; this paper) , would fit the picture of a liver 'geared' to the production of lipid for utilization by the lactating gland.
The lactating mammary gland of the rat has high activities of the enzymes concerned with the utilization of ketone bodies (Page & Williamson, 1972) and, at least in vitro, the ketone bodies taken up by the gland can be converted into lipid (Williamson et al., 1975) . This raises the question as to why the liver during lactation 'adapts' so that it has a lower, rather than a higher, ketogenic capacity. In vitro, ketone bodies inhibit the utilization of glucose and pyruvate by the gland (Williamson et al., 1975) . In the starved lactating rat measurements of arteriovenous differences across the gland have shown that the increased availability of ketone bodies is accompanied by a decreased rate of uptake of glucose and an output of lactate and pyruvate (Hawkins & Williamson, 1972; Robinson & Williamson, 1977) .
Thus it is tempting to speculate that acetoacetate might be a 'signal' to the lactating gland of the decreased availability of carbohydrate. If this postulate is valid, then in the fed state the hepatic output of ketone bodies would need to be kept low.
Irrespective of the teleological reasons for the hepatic 'adaptations' in the lactating rats, there presumably must be hormonal or other signal(s) for these changes. A possible mediator during peak lactation is prolactin, whose concentration in the circulation reaches a peak by day 4 of lactation and then falls rapidly after the removal of the young (Amenomori et al., 1970; Simpson et al., 1973) . There is a parallel between these changes in the circulating concentration of prolactin and our finding that decreased ketogenic capacity is not present in livers from rats in early lactation (2-4 days) nor in non-lactating rats in which the pups were removed at birth. In this connexion it is noteworthy that the injection of oestrogen into the rat increases the proportion of unesterified fatty acids converted into triacylglycerols by the liver (Heimberg et al., 1977) . It also induces an increase in the concentration of plasma prolactin and in the number of hepatic prolactin receptors (Posner et al., 1975) .
